Pulsed field gradient (PFG) NMR has been used to probe self-diffusion of molecular and ionic species in aqueous mixtures of choline chloride (ChCl) based deep eutectic solvents (DESs), in order to elucidate the effect of water on motion and inter-molecular interactions between the different species in the mixtures, namely the Ch + cation and hydrogen bond donor (HBD). The results reveal an interesting and complex behaviour of such mixtures at a molecular level. In general, it is observed that the hydroxyl protons ( 1 H) of Ch + and the hydrogen bond donor have diffusion coefficients significantly different from those measured for their parent molecules when water is added. This indicates a clear and significant change in inter-molecular interactions. In aqueous Ethaline, the hydroxyl species of Ch + and HBD show a stronger interaction with water as water is added to the system. In the case of Glyceline, water has little effect on both hydroxyl proton diffusion of Ch + and HBD. In Reline, it is likely that water allows the formation of small amounts of ammonium hydroxide. The most surprising observation is from the self-diffusion of water, which is considerably higher that expected from a homogeneous liquid. This leads to the conclusion that Reline and Glyceline form mixtures that are inhomogeneous at a microscopic level despite the hydrophilicity of the salt and HBD. This work shows that PFG NMR is a powerful tool to elucidate both molecular dynamics and inter-molecular interactions in complex liquid mixtures, such as the aqueous DES mixtures.
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Introduction
Deep Eutectic Solvents (DES) are mixtures of quaternary ammonium salts and hydrogen bond donors such as amides and polyols, having properties which are analogous to ionic liquids. The interaction between the two species leads to a lowering of the melting point and the formation of a eutectic. DESs are attracting considerable attention in many applications such as catalysts, 1-3 solvents, [4] [5] [6] electro-plating, 7 purification media 8 and others. 9, 10 In many of these applications, the addition of water has little effect upon the chemical properties but significantly improves the mass transport characteristics of the liquids. In the applications listed above water is often added to improve conductivity and aid filtration; the amount of water added often being chosen empirically It has been empirically noted that DESs change their properties to those of ionic solutions when between 5 and 10 wt % water has been added. 11 The addition of water introduces a second HBD and the relative interactions between the anion/cation and both HBDs will change the diffusion coefficients of each component.
Due to the complexity of such mixtures, a fundamental understanding of the interactions involved between the different species of a DES is of significant importance. Hydrogen bonds and ionic interactions play a key role in determining the macroscopic behaviour. The HBD is known to form a complex with the anion of the salt, resulting in the formation of a bulky asymmetric anion, which decreases the lattice energy thus decreasing the freezing point of the system. 12 The whole picture could potentially be more complex as some HBDs may also ionise to some extent, leading to the presence of multiple ions within the mixtures.
The bulk properties of the whole system, such as viscosity, ionic conductivity and density have provided some insight into the behaviour of these liquids; 5, 6, 12, 13 however, a microscopic approach can provide insights regarding the individual species, which affect the macroscopic behaviour of the system. In particular, a more detailed understanding of the mobility of the individual component of the mixture allows an understanding of the relative interactions in the mixture. In this context, pulsed-field gradient (PFG) NMR is one technique that can provide significant insight. The method allows self-diffusion coefficients of NMR active species to be determined and has the advantage of being non-invasive and chemically selective, which makes it possible to investigate simultaneously the diffusion behaviour of different species within a mixture, including different moieties within each molecular species.
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In a recent study, 14 the molecular transport of the HBD and the choline cation (Ch + ) in different pure choline chloride (ChCl) based DESs was investigated. It was found that the structure of the HBD greatly affects the molecular mobility of the whole system. In addition, it was speculated that in the case of Maline, the malonic acid HBD tends to form long chains of dimers, which reduces significantly the molecular mobility of the whole system compared to the other DES and leads to a slower diffusivity of malonic acid relative 18 used water miscible DESs as potential "green" lubricants and investigated the corrosion rate for different metals. It was shown that steel corroded mildly in wet Reline but was almost inert in wet Glyceline. This was ascribed to differences in cathodic reactions in the liquids. It is clear that additional details on the molecular interactions involved in aqueous DES systems would certainly contribute to a better understanding of the microscopic behaviour of such systems in several applications, such as separation and reaction processes in general.
In this study PFG NMR has been used to study the molecular mobility of three ChCl based DESs in the presence of water in order to understand the effect of water composition on the molecular mobility of the different species involved in the system. The hydrogen bond donors studied are those most commonly used in the literature, namely glycerol (Glyceline), urea (Reline) and ethylene glycol (Ethaline). This information obtained shows that all three
DESs have different speciation and characteristic interactions from those previously assumed. γ is the gyromagnetic ratio of the nucleus being studied (i.e., 1 H in our case), g is the strength of the gradient pulse of duration δ, and ∆ is the observation time. The measurements were performed by fixing ∆ = 50 ms and δ with values in the range 1 -4 ms. The magnitude of g was varied with sixteen linearly spaced increments. In order to achieve full signal attenuation, maximum values of g of up to 11.50
T m -1 were necessary. The diffusion coefficients D can be calculated by fitting Equation (1) to the experimental data. More details on the experimental set-up can be found elsewhere.
14 Results and discussion Glyceline were in accordance with those published previously, albeit the Reline data was at higher temperatures. 20, 21 In the anhydrous state all liquids showed some non-Newtonian behaviour but all became Newtonian when the water content rose above 2.5 wt%. The nonNewtonian behaviour was observed through a larger error bar in the low water content data but is not discussed further in this study; all of the error bars are smaller than the plot symbol in Figure 1 . In all liquids a decrease in viscosity is observed with increasing water content; however, this is not a steady decrease and there is a pronounced and reproducible shoulder at 2.5 wt% for Glyceline and Reline, which corresponds to approximately 1 mole equivalent of water to each chloride anion, which may be significant.
It is important to notice from Figure 1 that the effect of water on the viscosity of Reline is greater than for the other two liquids. At higher water content, Glyceline has a higher viscosity than Reline, followed by Ethaline. This suggests that glycerol is the strongest HBD due solely to the fact that it has 3 OH functionalities. This is consistent with the hydrogen bond donating parameters, α, previously determined for these three liquids. 22 The α-values for Reline (0.922) and Glyceline (0.937) are relatively similar to those of water (1.17) but the value for Ethaline (0.903) is lower showing that the water will preferentially solvate the chloride anion. As will be discussed later, this may also explain why there is no apparent change in the diffusion coefficient for water in Ethaline at low water content as it is bound with the chloride. This can be clearly seen by inspection of Figure 5a , shown later. . In more dilute ionic solutions, it would be expected that ionic association would dominate molar conductivity; the linear plot observed in Figure 2 suggests viscosity controls charge transport in most systems. As will be shown below, the dilute Reline solution shows evidence of some urea decomposition leading to the formation of NH 4 OH, which is probably the cause of the increase in molar conductivity at high water content.
To probe the mobility of the charged and uncharged species further the self-diffusion coefficients were determined using NMR spectroscopy. Figure 3 reports a typical NMR spectrum for the samples used in this study, together with the peak assignment. The peak assignment is consistent with the spectra previously reported for choline chloride-based DES. 14 The NMR peaks are rather broad (typical linewidth values of approximately 25 -30 Hz at FWHM) and this is expected given the high viscosity of such samples. The NMR spectrum and relative peak assignment for aqueous Glyceline, with a 13 wt% fraction of water, is shown in Figure 4a . Figure 4b reports the PFG NMR attenuation plots The experimental data in Figure 4b were fitted using Equation (1), which allows the determination of the numerical values of self-diffusivity. In the current work we are not only interested in probing the self-diffusion coefficients of the three main components of 
23
In Figure 5 , the values of self-diffusion coefficients as a function of water content are reported for the different species present in the three different aqueous DES mixtures. It is noted that the only species that cannot be probed with our current experimental PFG-NMR set-up is the Cl -anion; this is because its detection via PFG-NMR is complicated by several factors such as the low sensitivity of chloride anions and the presence of nuclear quadrupolar interactions. 
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Ethaline: In the pure liquid (i.e., in the absence of any water) the diffusivity of ethylene glycol is higher than that of Ch + . This is in agreement with previous findings 14 on pure DES studies and is attributed to the larger size of the Ch + cation relative to ethylene glycol.
It can also be seen that, in each species (i.e. Ch + and ethylene glycol) the diffusivity of the hydroxyl proton is the same as that measured for the rest of the molecule, which clearly suggests that there is no significant exchange of hydroxyl protons between the two species in the pure Ethaline sample (i.e., the hydroxyl proton remains bound to the rest of the molecule as it diffuses).
When water is added to the DES, the diffusivities of both Ch + and ethylene glycol both increase. However, we now observe a significant deviation for the hydroxyl protons diffusivity of both Ch + and ethylene glycol relative to the diffusivity of their parent molecules; for each of these species, the hydroxyl proton diffuses faster than rest of the molecule and such a difference becomes more significant as the water content increases, with values approaching those measured for pure water. Indeed, for the highest water content, the diffusion coefficients of the hydroxyl protons of Ch + and ethylene glycol are almost identical to that measured for water. This suggests that at higher water content both Ch + and ethylene glycols are in equilibrium with some negatively charged species, with their hydroxyl counterpart in strong exchange with water. If that was not the case, then there should be no difference between self-diffusion of hydroxyl proton and that of the rest of the molecule, which is clearly not the case. It is noted that for the highest water content the -OH resonance of the HBD and water overlap and the diffusivity reported is the average diffusivity of both species.
Glyceline: In the pure liquid the diffusivity of glycerol is slightly higher than that of Ch + , again reflecting the differences in molecular size; however, compared to the case of Ethaline, the diffusivity of the glycerol is similar to that of Ch + and this is also consistent with previous findings. 14 Water has a significantly higher and distinct diffusion coefficient in Glyceline relative to all the other species of the DES, including the hydroxyl species of the DES components (i.e., Ch + and HBD). This suggests that the hydroxyl protons of Ch + and glycerol forming Glyceline do not show any significant interaction with water, otherwise a different diffusion coefficient for such protons would be observed due to chemical exchange of protons, as previously observed in alcohol/water mixtures. 24 Conversely, the hydroxyl protons of both Ch + and glycerol have a similar value of selfdiffusivity, particularly for low water content. As the water content increases, a deviation However, both hydroxyl protons have diffusivities that are still significantly slower than that of water, the latter having a diffusivity of 9.3 × 10 -11 m 2 s -1 . This suggests that the interaction of Ch + and the glycerol with water is minimal compared to the Ethaline case;
conversely, a much stronger correlated motion between Ch + and glycerol is observed. This could be attributed to differences in steric hindrance effects between ethylene glycol and glycerol.
Reline: A major difference in Reline compared to Ethaline and Glyceline is that urea does not have any hydroxyl protons that may interact with other species. In pure Reline, similar considerations to those made for pure Glyceline can be made in terms of differences in diffusion coefficients between the HBD and Ch + ; the diffusivity of urea is faster than that observed for Ch + , reflecting again the difference in molecular size. As water is added to the system, the diffusivity of the hydroxyl proton of Ch To compare the systems more clearly the data from Figures 1 and 5 are combined in Figure   6 . In principle, if a Stokesian model of diffusion is valid then the diffusion coefficient should be inversely proportional to the viscosity. Figure 6a shows that for the aliphatic
Page 12 of 20 Physical Chemistry Chemical Physics
Physical Chemistry Chemical Physics Accepted Manuscript
protons on choline this behaviour is valid, although there is a slightly different slope for the first three data points (up to 2.5 wt%). In the dry ionic liquids and DESs we have previously shown that diffusion is non-Stokesian and this may be due to the large size of the diffusing species and the lack of suitable spaces for them to diffuse into. 13 Application of the Stokes-Einstein equation:
where k is the Boltzmann constant and T the absolute temperature should enable the hydrodynamic radius, R to be calculated. 
Physical Chemistry Chemical
Physics Accepted Manuscript Figure 6 shows also the theoretical line calculated for Ch + using Equation (2) 14 it was shown that the diffusion coefficient for choline in pure Glyceline was lower than that expected from the Stokes Einstein Equation and this was related to the fact that the mass transport mechanism was limited by the availability of holes. When water is added to the liquid the smaller water molecules are able to move between these small voids and the availability of holes becomes less of an issue in mass transport. . At high fluidities (i.e., high water content) the diffusion coefficients become similar to those expected for water (see Figure 6c) i.e., at low water content the water associates with the halide anion whereas at higher water contents it acts as essentially free water.
The data in Figure 6b also suggest that aqueous solutions of Ethaline and Reline enable dissociation of the OH proton of Ch + , which could make the liquids more acidic than
Glyceline. This, together with the much faster mobility of the hydroxyl proton of Ch + in aqueous Ethaline and Reline, relatively to Glyceline, as shown in Figure 5 , would explain the recently reported corrosion data for steel in these solutions, which showed negligible corrosion rate for steel in aqueous Glyceline compared to aqueous Ethaline and Glyceline. . It is therefore unsurprising that only a trace NMR signal is observed.
These pH data also tie in with the corrosion studies recently reported for the three liquids 18 , where it was shown that almost no corrosion was observed in wet Glyceline even after one year whereas mild corrosion was noted in both wet Reline and Ethaline. The formation of NH 4 OH in dilute Reline would also explain the deviation from linear behaviour in Figure 2 since there will be more charge carriers, which are considerably smaller and have a larger molar conductivity. Physical Chemistry Chemical Physics Accepted Manuscript diffusion coefficients for water which was 25 times higher than predicted. They concluded that this was due to phase separation at a microscopic scale. This phase separation is one that has been predicted by molecular dynamics simulations and is somewhat unsurprising given the hydrophobicity of the ionic liquids. 28 The hydrophilicity of DESs might lead to the assumption that aqueous mixtures are homogeneous but these diffusional studies show strongly that microscopic phase separation still occurs. The pH and the ability of water in these mixtures to form separate micro-phases could be responsible for some of the observations in biochemical and mineral processing applications e.g. the stability of enzymes in water DES mixtures.
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Conclusions
This study has shown that in anhydrous DESs the HBD and OH on Ch + are associated and the fluidity of the liquid is controlled by the hydrogen bond interaction between the HBD and the halide anion. When water is added to the liquid the viscosity of all liquids decrease but a discontinuity is observed for all systems at about 2.5 wt% which corresponds to a 1:1 mole equivalent of water:chloride. This is the typical water content where changes in the behaviour of DESs have been observed. PFG-NMR diffusion experiments revealed new insights into these liquids at a microscopic level. This study has shown that the choline cation diffuses in a Stokesian manner. However it has been shown for the first time that the addition of water can lead to the exchange of the OH proton on Ch + , which leads to mildly acidic solutions for Ethaline, i.e., when ethylene glycol is used as the HBD. Conversely, for Reline, i.e., when urea is the HBD, decomposition leads to the formation of basic solutions when NH 4 OH is formed. Self-diffusion data for water strongly suggest that the liquids are not homogeneous and contain distinct microscopic water-rich phases when a significant amount of water is added. In conclusion, this study show that PFG NMR diffusion measurements are a powerful tool that combined with other characterisation methods may
give new microscopic insights into complex liquid mixtures, such as the DES/Water mixtures used in this work and yield information on both molecular dynamics and molecular/ionic interactions between the different species within the mixture.
